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I NTRODUCT I ON 
The gene ra l  o b j e c t i v e  of t h i s  r e s e a r c h  p r o j e c t  is t o  eva lua te  
t h e  e f f e c t  of d e l i b e r a t e  and known bonding between g l a s s  and p l a s t i c  
on t h e  p h y s i c a l  p r o p e r t i e s  of t h e  composite material. 
Curren t  p r a c t i c e  i n  p repa ra t ion  of g l a s s - r e i n f o r c e d  p l a s t i c s  
i n c l u d e s  t r ea tmen t  of t h e  g l a s s  f i b e r s  (or f a b r i c s )  w i th  a f i n i s h ' '  t o  
e n s u r e  adhes ion  or "bonding" of t h e  subsequent ly  a p p l i e d  p l a s t i c .  
Such 
Si-0-A l inkage  between t h e  g l a s s  su r face  (Si-0) and t h e  f i n i s h i n g  
agen t  ( A ) ,  where A may be S i  ( a s  i n  commercial s i l a n e  f i n i s h e s )  or C r  
(as i n  ce r t a in  o t h e r  commercial f i n i s h e s ) .  
I 1  
II bonding" as may r e s u l t  i s  supposedly due t o  t h e  format ion  of a n  
1 
For example: -Si-OH + X-Si&--+ 
I I I 
-Si-0-Si-R, + HX, where -Si i s  a s i l i c o n  atom bonded t o  t h r e e  oxygen 
I 1 
atoms i n  t h e  g l a s s  s u r f a c e ,  X is c h l o r i n e  or alkoxy (-.OR'),  and R is 
a n  o r g a n i c  group such as  v i n y l ,  a l l y l ,  e t c .  
The t rue  f u n c t i o n  of g l a s s - f i b e r  f i n i s h e s  is  not  unders tood .  Some 
ev idence  has  been obta ined  t o  show t h a t  t h e r e  is  not  a t r u e  chemical  
bond between g l a s s  and p l a s t i c  i n  those  l amina te s  which have been 
p repa red  wi th  conven t iona l  f i n i s h i n g  a g e n t s .  For example, McGarryl 
d i s c u s s e s  t h e  ev idence  f o r  t h e  complete absence of chemical  bonding 
between p l a s t i c  and g l a s s ,  and f o r  t h e  f u n c t i o n  of g l a s s  " f i n i s h e s "  
t o  be t h e  improvement of w e t t i n g  of t h e  f i b e r  w i th  the  polyfier du r ing  
t h e  impregnat ion p r o c e s s .  Recent work, however, has  shown t h a t  A-1100 
and 801  f i n i s h e s  i n t e r f e r e  wi th  t h e  w e t t i n g  of g l a s s  f i b e r s  by epoxy 
r e s i n s  . 2  13 
I f  t h e  assumption is made t h a t  s i l a n e - t y p e  f i n i s h e s  do ,  i ndeed ,  
e f f e c t  a chemical l i n k  between t h e  g l a s s  and p l a s t i c  phases ,  t h e  
q u e s t i o n  of t h e  h y d r o l y t i c  s t a b i l i t y  of such a n  Si-------0-Si bond 
must be  c o n s i d e r e d .  
b u l k ,  they  do undergo a n  a c i d -  or base-ca ta lyzed  r e d i s t r i b u t i o n  r e a c t i o n .  
T h i s  r e d i s t r i b u t i o n  r e a c t i o n  h a s  been shown t o  be r e s p o n s i b l e  f o r  
( g l a s s )  ( f i n i s h )  
Though Si-0-Si bonds are n o t  hydrolyzed i n  t h e  
1 
s t r e s s - r e l a x a t i o n  and compression-set  p r o c e s s e s  i n  s i l i c o n e  polymers .4  9' 
The r o l e  of water i n  t h e  f i n i s h  l a y e r  a t  t h e  i n t e r f a c e  between g l a s s  
and p l a s t i c  i s  no t  unders tood ,  bu t  i t  may be very impor t an t .  
T h i s  p r o j e c t  i s  concerned wi th  o t h e r  t y p e s  of bonding between 
g l a s s  and o rgan ic  phases  which a r e  not dependent upon t h e  Si-0-A l i n k a g e ,  
and p a r t i c u l a r l y  wi th  sys t ems  i n  which a d i r e c t  s i l i c o n - c a r b o n  bond has  
been produced between g l a s s  and p l a s t i c .  The o b j e c t i v e  of Phase I 
was t o  i n v e s t i g a t e  methods f o r  t h e  ha logenat ion  of g l a s s  and/or s i l i c a  
s u r f a c e s  i n  o r d e r  t o  form r e a c t i v e  s i l i c o n - c h l o r i n e  o r  s i l i c o n - f l u o r i n e  
groups .  These groups would serve as  i n t e r m e d i a t e s  f o r  t h e  product ion  
of s i l i con -ca rbon  bonds by s u i t a b l e  a l k y l a t i o n  r e a c t i o n s .  
The o b j e c t i v e  of Phase I was accomplished. Methods were developed 
f o r  t h e  c h l o r i n a t i o n  of g l a s s  and s i l i ca  wi th  phosgene and f o r  t h e  
f l u o r i n a t i o n  wi th  gaseous f l u o r i n e  . 
i n t e r m e d i a t e  groups w a s  found t o  be as h igh  as 6 . 5  p e r  100 A (a theo-  
r e t i ca l  maximum is about  7 . 8 ) .  
s t e p  w a s  e s t a b l i s h e d  by convers ion  of sur face-based  Si-C1 groups t o  
Si-phenyl  groups.  
The "populat ion" of t h e s e  r e a c t i v e  
02 
The f e a s i b i l i t y  of t h e  f i n a l  a l k y l a t i o n  
The o b j e c t i v e  of Phase I1 i s  t o  s t u d y  methods f o r  t h e  product ion  
of a n  o rgan ic  " f i n i s h "  on g l a s s  o r  s i l i c a  t h a t  w i l l  be bonded d i r e c t l y  





Four methods f o r  t h e  e v a l u a t i o n  of bonding between p l a s t i c  materials 
and a n  i n o r g a n i c  s u b s t r a t e  were s t u d i e d :  p e e l  tes ts ,  c o n t a c t  a n g l e  
measurements,  d i l a t o m e t r i c  measurements, and s o n i c  measurements.  The 
f i rs t  t h r e e  methods were found t o  y i e l d  u s e f u l  i n fo rma t ion .  Evalua t ions  i 
\ '1 were made, by a l l  t h r e e  methods,  on c l e a n  g l a s s  and s i l i c a  s u r f a c e s ,  and on  these s u r f a c e s  modif ied by n-butyl groups .  For  t h e  p e e l  tests 
a modi f ied  a p p a r a t u s  and procedure were developed.  
2 
Surface  mod i f i ca t ion  was app l i ed  t o  macroscopic s u r f a c e s  such as 
microscope s l i d e s  and 2-inch by 1 .7- inch  OD c y l i n d e r s ,  as  w e l l  as t o  
p a r t i c u l a t e  m a t e r i a l s .  
A lkoxy la t ion  was e v a l u a t e d  as a method f o r  t h e  p r e p a r a t i o n  of 
reactive i n t e r m e d i a t e  s u r f a c e s .  
c h l o r i n a t i o n  o r  f l u o r i n a t i o n  i n  t h e  p r e p a r a t i o n  of r e a c t i v e  S i  - X groups 
f o r  subsequent  a l k y l a t i o n .  Alkoxyla t ion  has  t h e  advantages  of lower 
c o r r o s i o n  of t h e  g l a s s  s u r f a c e ,  lower tempera ture  t h a n  €or c h l o r i n a t i o n ,  
and p o t e n t i a l l y  lower c o s t .  
This method h a s  p o t e n t i a l  f o r  r e p l a c i n g  
DISCUSS I ON 
Materials 
The two materials used i n  t h i s  work are g l a s s  and s i l i c a .  S i l i c a  
w a s  chosen f o r  e a r l y  work because of i t s  s imple r  s t r u c t u r e .  E a r l y  
work w a s  a l s o  conf ined  t o  f i n e l y  d iv ided  materials because of t h e  
d e s i r a b l e  high surface- to-weight  r a t i o .  A s  methods f o r  s u r f a c e  t r ea tmen t  
were developed ,  macroscopic m a t e r i a l s  such a s  f l a t  p la tes  and c y l i n d e r s  
were used t o  e v a l u a t e  t h e  e f f e c t s  of s u r f a c e  t r e a t m e n t .  A s  p rog res s  
w a s  made, s i l i c a  was r e p l a c e d  w i t h  g l a s s .  A l l  materials used ,  except  
g l a s s  powder, behaved i n  a s t r a i g h t f o r w a r d  manner. 
The d i f f i c u l t y  w i t h  glass powder became apparent  when a t t e m p t s  
were made t o  c o r r e l a t e  s p e c i f i c  su r face  ( s u r f a c e  area of one gram of 
material) w i t h  t h e  "popula t ion"  ( su r face  concen t r a t ion )  of ha logen  
atoms on ha logenated  materials.  Surface a r e a  w a s  measured by n i t r o g e n  
a d s o r p t i o n .  The d i f f i c u l t y  appeared t o  l i e  i n  t h e  change i n  measured 
s u r f a c e  area w i t h  change i n  t h e  temperatures  of i n i t i a l  d e s o r p t i o n .  
T h i s  e f f e c t  may be a t t r i b u t e d  t o  the presence  of f r a c t u r e s  i n  t h e  
glass  p a r t i c l e s .  These f r a c t u r e s  may be completely f i l l e d  w i t h  adsorbed 
g a s e s  a t  low t empera tu res .  The desorp t ion  of t h e s e  gases  a t  h ighe r  
t empera tu res  would r e s u l t  i n  h igher  measured s u r f a c e  areas,  a s  shown 
i n  Tab le  I .  With t h i s  s i t u a t i o n ,  q u a n t i t a t i v e  c o r r e l a t i o n  between measured 
s u r f a c e  area and t h e  c o n c e n t r a t i o n  of s u r f a c e  groups cou ld  not  be made. 
3 
Attempts  t o  o b t a i n  f i r e -po l i shed  g l a s s  beads of comparable s p e c i f i c  
s u r f a c e  were u n s a t i s f a c t o r y .  None were found i n  Pyrex or E-Glass  
composi t ion.  S u p e r b r i t e  s p h e r i c a l  g l a s s  beads (Minnesota Mining and 
Manufactur ing Company) are a v a i l a b l e  i n  d i ame te r s  as  small a s  29 microns,  
bu t  they  a re  of a h igh  sodium content  and leach s e v e r e l y  i n  wa te r .  
The re fo re ,  s i l i ca  was chosen f o r  a l l  subsequent  work wi th  f i n e  p a r t i c u l a t e s  
Halogenat ion and Alkoxyla t ion  React ions 
Ch 1 or i n a  t i on 
C h l o r i n a t i o n  r e a c t i o n s  proceeded smoothly on f i n e l y  d i v i d e d  
materials.  A modif ied r e a c t o r ,  shown i n  F i g .  1, w a s  very  e f f e c t i v e ;  
w i t h  a s i l i c a  tube  it  can be opera ted  t o  1000 C i n  a t ube  f u r n a c e .  
The e f f e c t  of tempera ture  upon t h e  c h l o r i n a t i o n  of low-iron s i l i c a  
w i t h  phosgene i s  shown i n  Table  11. 
w e l l  w i th  p rev ious  r e s u l t s .  
be exp la ined  by t h e  observed v a r i a b i l i t y  of s u r f a c e  area wi th  d e s o r p t i o n  
t empera tu re .  Thus,  a t  h ighe r  tempera tures ,  t h e  ra te  of d e s o r p t i o n  
(and of i n c r e a s e  i n  s u r f a c e  area) may be r a p i d  and r e p r o d u c i b l e ,  w h i l e  
a t  lower t empera tu res ,  t h e  r a t e  may be much slower and much less 
r e p r o d u c i b l e .  
0 
The d a t a  a t  5OO0C and h ighe r  a g r e e  
0 The erratic r e s u l t s  a t  335 and 400 C may 
C h l o r i n a t i o n  of g l a s s  and s i l i ca  r i n g s  was accomplished i n  t h e  
a p p a r a t u s  shown i n  F i g .  2 .  However, d i f f i c u l t i e s  a r o s e  i n  ma in ta in ing  
a 500 tempera ture  a t  t h e  s u r f a c e  of t h e  i n n e r  j a c k e t .  These d i f f i c u l t i e s  
must be overcome b e f o r e  t h e  appara tus  can be u s e f u l  f o r  c h l o r i n a t i o n  
of g l a s s  r i n g s  w i t h  phosgene. The o u t e r  s u r f a c e  of t h e  i n n e r  tube  was 
ha logena ted ,  t h e  tube  removed f o r  a l k y l a t i o n ,  and f i n a l l y  t h e  tube 
was c u t  i n t o  1 .5- inch  l e n g t h s  f o r  u s e  i n  p e e l  t es t s .  
0 
F l u o r i n a t i o n  
0 
F l u o r i n a t i o n  of r i n g s  for p e e l  tests was conducted a t  200 C 
i n  t h e  appa ra tus  shown i n  F i g .  2 .  No problems w e r e  encountered  i n  
h e a t i n g  t o  200 C .  0 
4 
F l u o r i n a t i o n  of g l a s s  microscope s l i d e s  f o r  c o n t a c t  a n g l e  s t u d i e s  
was c a r r i e d  out  i n  t h e  appa ra tus  descr ibed  p rev ious ly .6  The presence  
of metal l ic  i o n s ,  or o t h e r  d i f f e r e n c e s  between g l a s s  and s i l i c a ,  
r e s u l t e d  i n  a n  i n t e r e s t i n g  temperature  e f f e c t :  F l u o r i n a t i o n  a t  low 
t empera tu res ,  ca. 100 C ,  r e s u l t e d  i n  s e v e r e  and non-uniform e t c h i n g  of 
t h e  s u r f a c e ;  a t  150 C ,  a c lear  su r face  was o b t a i n e d ,  bu t  a t h i n ,  t r a n s -  
p a r e n t  f i l m  of n o n v o l a t i l e  metal f l u o r i d e s  could  be pee led  from t h e  
g l a s s  s u r f a c e .  Optimum c o n d i t i o n s  f o r  t h i s  r e a c t i o n  have no t  y e t  
been found.  
0 
0 
A 1 koxy l a t i  on 
Alkoxyla t ion  of surface-based SiOH groups o f f e r s  a n  a l t e r n a t i v e  
t o  c h l o r i n a t i o n  o r  f l u o r i n a t i o n  as a r o u t e  t o  r e a c t i v e  s u r f a c e  groups.  
T h i s  r e a c t i o n  was c a r r i e d  ou t  on g l a s s  powder and microscope s l i d e s  
u s i n g  n-propyl a l c o h o l ,  acco rd ing  t o  t h e  method of I l e r . 7  Analyses 
on t h e  powdered g l a s s  are not  complete ,  bu t  t h e  w e t t a b i l i t y  of t he  
product  i n d i c a t e s  t h e  r e a c t i o n  w a s  s u c c e s s f u l .  Alkoxyla t ion  o f f e r s  
advantages  of fewer p o s s i b l e  s i d e  e f f e c t s  (such a s  e t c h i n g )  and g r e a t e r  
s a f e t y  of o p e r a t i o n .  
1 1 
I I 
- S i  - OH + CH, - C% - (2% - OH ------ > H,O + - S i  - 0 - CH, - (2% - CH3 
A 1 ky l a  t i on 
A g e n e r a l i z e d  a l k y l a t i o n  r e a c t i o n  can be w r i t t e n  as 
where X is c h l o r i n e ,  f l u o r i n e ,  o r  a lkoxy ,  M i s  l i t h i u m  o r  o t h e r  metal, 
and R is  a n  o r g a n i c  group such as b u t y l ,  phenyl ,  e t c .  
The a l k y l a t i o n  of c h l o r i n a t e d ,  f l u o r i n a t e d ,  o r  a l k o x y l a t e d  
materials was accomplished i n  a s t r a i g h t f o r w a r d  f a s h i o n  wi th  t h e  
a p p r o p r i a t e  organol i th ium compound. I n  t h e  case of glass r i n g s  f o r  
p e e l  t es t s ,  t h e  appa ra tus  ( F i g .  2 ) ,  a f t e r  h a l o g e n a t i o n ,  was f l u s h e d  
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w i t h  n i t r o g e n  and t h e  i n n e r  j a c k e t  was q u i c k l y  removed and immersed i n  
a s o l u t i o n  of t h e  o rgano l i th ium compound. After a l k y l a t i o n ,  t h e  t u b e  
was c a r e f u l l y  c u t  i n t o  1 .5- inch  l eng ths  f o r  u se  wi th  t h e  p e e l  tes t  
a p p a r a t u s .  
Ana 1 y t i ca 1 
A n a l y s i s  of p a r t i c u l a t e  m a t e r i a l  f o r  halogen c o n t e n t  was r e a d i l y  
accomplished by methods d e s c r i b e d  i n  Phase I of t h i s  work.=  
A n a l y s i s  of p a r t i c u l a t e  m a t e r i a l  f o r  t h e  c o n c e n t r a t i o n  of a l k y l  
(or a r y l )  groups on t h e  s u r f a c e  p re sen ted  a problsm. Of t h e  few 
p o s s i b l e  methods c o n s i d e r e d ,  a n a l y s i s  f o r  carbon seemed t h e  m o s t  
p romis ing .  The Leco Combustion Appara tus ,  f o r  t h e  de t e rmina t ion  of 
ca rbon  i n  s t ee l ,  was e v a l u a t e d  f o r  t h e  d e t e r m i n a t i o n  of carbon on g l a s s  
and s i l i c a  p a r t i c u l a t e  materials. The d a t a  f o r  t h i s  e v a l u a t i o n  a r e  
shown i n  Table  111. The t h r e e  r u n s  6 5 A ,  6 5 B ,  and 84  show t h a t  t h e  
ca rbon  con ten t  of s i l i c a  powder can be  reduced t o  a low and r e p r o d u c i b l e  
v a l u e ,  and t h a t  t h e  a d s o r p t i o n  of organic  vapors  from l a b o r a t o r y  a i r  
does n o t  seem t o  be a major s o u r c e  of e r r o r .  On t h e  o t h e r  hand,  c h l o r -  
i n a t i o n  wi th  phosgene (Sample 71A) r e s u l t s  i n  a p p r e c i a b l e  carbon r e s i d u e ,  
even  a f t e r  r i g o r o u s  d e s o r p t i o n .  This  r e s i d u e  s u r e l y  must have a 
s t r u c t u r e  r e l a t e d  t o  phosgene o r  carbon monoxide, and i t  seems unusual  
t h a t  i t  would resist d e s o r p t i o n  a t  200 C and 10- mm Hg. 
r e l a t i v e l y  h igh  v a l u e s  for  sample 71C i n d i c a t e  t h a t  washing w i t h  wa te r  
and  r e d r y i n g  does not  d i s l o d g e  t h e  r e s i d u a l  carbon s p e c i e s .  The 
ca rbon  c o n t e n t  of r u n  80C i n d i c a t e s  t h a t  t h e  t r ea tmen t  of a "clean" 
surface w i t h  a n  a l k y l a t i n g  agen t  r e s u l t s  i n  some r e s i d u a l  carbon.  Whether 
t h i s  is  p r e s e n t  as chemica l ly  bound carbon o r  s t r o n g l y  adsorbed  s p e c i e s  
is n o t  known. 
0 F u r t h e r ,  
The carbon a n a l y s i s  f o r  t h e  remaining (Table  111)  p a i r s  of s u r f a c e -  
t r e a t e d  samples are i n  good agreement ,  i n d i c a t i n g  good r e p r o d u c i b i l i t y  
i n  b o t h  t h e  c h l o r i n a t i o n  and a l k y l a t i o n  r e a c t i o n s .  
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On t h e  b a s i s  of a s u r f a c e  a r e a  of 0 .19 m e t e g / g ,  t h e  c h l o r i d e  
"popula t ion"  f o r  sample 7 1  i s  2 .6  atoms p e r  100 A , and f o r  sample 
75  i t  is  3 . 6  atoms p e r  100 A . 
5 t o  6 . 5  obta ined  i n  e a r l y  development of t h e  c h l o r i n a t i o n  p rocedure , e  
but  t hey  do not r e p r e s e n t  a n  a t t e m p t  t o  o b t a i n  a n  optimum degree  of 
ch 1 o r i  na t i on. 
02 
2 
These va lues  are below t h e  v a l u e s  of 
e 2  
The cor responding  popu la t ions  of o rgan ic  groups ,  p e r  100 A are:  
sample 72 ,  1 . 9  b u t y l  groups ;  sample 7 4 ,  1 . 3  undecyl (11 carbon atom) 
groups ;  and sample 8 0 A ,  1 . 6  phenyl groups .  Thus,  t h e  c h l o r i n e  conve r s ion  
w a s  a s  fo l lows :  t o  b u t y l ,  73% y i e l d ;  t o  undecyl groups ,  35%; and t o  
phenyl groups ,  45%. 
Evalua t ion  of t h e  E f f e c t s  of Surface Modif ica t ion  
Modif ica t ion  of a g l a s s  o r  s i l i c a  s u r f a c e  w i t h  a monolayer,  o r  
less,  of o rgan ic  groups bonded t o  s u r f a c e  s i l i c o n  atoms should cause  a 
n o t i c e a b l e  dec rease  i n  t h e  su r face  f r e e  energy of t h e  material .  T h i s  
dec rease  w i l l  be accompanied by cor responding  changes i n  s u r f a c e  
p r o p e r t i e s .  Contact  a n g l e s  between t h e  s u r f a c e  and p o l a r  l i q u i d s  
should  be i n c r e a s e d ,  and t h e  work  of adhes ion  t o  s u c h  modif ied s u r f a c e s  
should  be decreased .  Under c e r t a i n  c i r cums tances ,  however, t h e  work 
of adhes ion  may be i n c r e a s e d ,  due t o  au tohes ion .  I f  t h e  s u r f a c e  h a s  
been modified by a long  cha in  group, e . g .  dodecyl ,  t h e  i n t e r t w i n i n g  
of d i f f u s i o n  of t h e  long  c h a i n s  i n t o  t h e  bu lk  of t h e  adhes ive  l a y e r  
( t h e  p rocess  of au tohes ion )  should r e s u l t  i n  i nc reased  adhes ion  even 
though t h e  s u r f a c e  f r e e  energy has been reduced.  
I n  t h e  c a s e  of t h e  four-carbon b u t y l  groups used i n  t h e  i n i t i a l  
s u r f a c e  mod i f i ca t ion  s t u d i e s  r epor t ed  h e r e ,  i t  i s  doub t fu l  t h a t  
au tohes ion  p l a y s  a s i g n i f i c a n t  r o l e .  
Four methods were chosen f o r  e v a l u a t i n g  t h e  effects of s u r f a c e  
mod i f i ca t ions  of g l a s s  and s i l i c a  materials: p e e l  tests, c o n t a c t  
a n g l e  measurements, d i l a t o m e t r i c  measurements, and s o n i c  measurements. 
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The r e s u l t s  p r e s e n t e d  are  t h e  i n i t i a l  ones i n  a program t o  e v a l u a t e  
t h e  e f f e c t  of a sys t ema t i c  change i n  t h e  n a t u r e  of t h e  o r g a n i c  group 
a t t a c h e d  t o  s u r f a c e  s i l i c o n  atoms.  
P e e l  T e s t s  
P e e l  T e s t s  were c a r r i e d  out on t h e  a p p a r a t u s  shown i n  F i g .  3a,  
b ,  and c .  T h i s  a p p a r a t u s  is  o f  a modified d e s i g n ,  chosen f o r  s i m p l i c i t y  
of c o n s t r u c t i o n  and o p e r a t i o n .  
The d a t a  f o r  surface-modif ied samples are summarized i n  Tab le  I V .  
Data are g iven  f o r  commercially a v a i l a b l e  t a p e s ,  a 1.0-inch-wide 
cloth-backed t a p e  and a 0.75-inch-wide g l a s s  f i l a m e n t - r e i n f o r c e d  t a p e .  
A c o n t r o l  series f o r  each t a p e  w a s  p repa red  u s i n g  a "s tandard" r e p r o d u c i b l e  
c l e a n  s u r f a c e .  T h i s  clean s u r f a c e  was p repa red  by f l u o r i n a t i o n  of t h e  
g l a s s  a t  200 C ,  a p r o c e s s  which completely removes a s u r f a c e  l a y e r  of 
SiO, and l e a v e s  s u r f a c e  S i F  g roups ,  fo l lowed  by h y d r o l y s i s  t o  a hydroxyl- 
r i c h  s i l i c a  s u r f a c e .  The a l k y l a t e d  samples were p repa red  by treatment 
of a f l u o r i n a t e d  s u r f a c e  w i t h  b u t y l  l i t h i u m .  
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I t  i s  s e e n  from Tab le  I V  t h a t  t h e  b u t y l a t e d  samples r e q u i r e  a 
c o n s i s t e n t l y  lower p e e l  f o r c e  t h a n  do t h e  hydroxyl-r ich samples ,  which 
is c o n s i s t e n t  w i t h  t h e  e x p e c t a t i o n s  f o r  t h i s  s u r f a c e  t rea tment .  
I t  i s  f u r t h e r  s e e n  t h a t  t h e  peel  force r e q u i r e d  f o r  t h e  0.75-inch 
t a p e  is somewhat g r e a t e r  t h a n  f o r  t h e  1 .0 - inch  t a p e .  No e x p l a n a t i o n  
is a v a i l a b l e  f o r  t h i s  d i f f e r e n c e ;  however, two v a r i a b l e s  are p r e s e n t  
which undoubtedly c o n t r i b u t e .  A l l  tapes were a p p l i e d  w i t h  a c o n s t a n t  
12-pound l o a d  on t h e  drum, so t h a t  t h e  p r e s s u r e  a t  p o i n t  of c o n t a c t  
of drum and t a p e  d u r i n g  a p p l i c a t i o n  w a s  nominally 25% greater fo r  t h e  
0.75-inch t a p e .  The second v a r i a b l e  i s  t h e  type  of adhes ive  used on 
each  of t h e s e  t a p e s .  Although no d a t a  are known f o r  t h i s  f ac to r ,  i t  
i s  p robab le  t h a t  t h e  adhes ives  used on t h e  two t a p e s  a re  d i f f e r e n t .  
F i g u r e  4 shows t h e  p e e l - t e s t  r eco rd  f o r  sample 7494-29-15. T h i s  
r e c o r d  i s  t y p i c a l  of a l l  samples run. The e r r a t i c  n a t u r e  of t h e  trace 
is  e x p l a i n e d  i n  p a r t  by t h e  presence of d e f e c t  areas i n  t h e  adhes ive  
l a y e r  of t h e  t a p e .  Of t h e  many d i f f e r e n t  t a p e s  e v a l u a t e d  i n  p r e l i m i n a r y  
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work, some had very  pronounced t r a n s l u c e n t  a r e a s  c lear ly  v i s i b l e  
th rough t h e  t r a n s p a r e n t  t a p e .  These a r e a s  remained a f t e r  t h e  t a p e  was 
r o l l e d  on t h e  g l a s s  r i n g s ,  and co inc idence  between these areas and 
breaks  i n  t h e  r e c o r d e r  trace were e a s i l y  observed .  
The d a t a  i n  Table  I V  were der ived  from t h e  area under  t h e  curve  
measured w i t h  a p l a n i m e t e r .  
Contac t  Angle Kea sureme n t s  
For  a c l e a n  g l a s s  s u r f a c e ,  t h e  c o n t a c t  a n g l e  f o r  water and 
o r g a n i c  l i q u i d s  should  be z e r o  ( i . e . ,  t h e  g l a s s  shou ld  be  completely 
wetted.)  The p r e d i c t e d  e f f e c t  of b u t y l a t i o n  of a g l a s s  s u r f a c e  upon 
t h e  c o n t a c t  ang le  between t h a t  s u r f a c e  and p o l a r  l i q u i d s ,  a s  d i scussed  
e a r l i e r ,  is lower ing  t h e  s u r f a c e  f r e e  energy of t h e  g l a s s ,  and i n c r e a s i n g  
t h e  c o n t a c t  a n g l e  f o r  water and o ther  p o l a r  l i q u i d s .  (This  p r e d i c t i o n  
is v e r i f i e d  by t h e  d a t a  i n  Table  V and F i g s .  5a, b ,  c ,  and  d . )  Contact  
a n g l e s  between s e v e r a l  l i q u i d s  of dec reas ing  p o l a r i t y  (or s u r f a c e  t e n s i o n )  
and glass were measured f o r  a s e r i e s  of sur face-modi f ied  g l a s s  micro- 
scope  s l i d e s .  For  a l l  l i q u i d s ,  the  c o n t a c t  a n g l e s  w i t h  c l e a n  g l a s s  
s l ides  ( f o r  r e f e r e n c e )  were zero (complete w e t t i n g ) .  Fo r  a c o n t r o l  
series,  i n  which  c l e a n  g l a s s  su r faces  r ece ived  t h e  same t r ea tmen t  
(wi th  n-butyl  l i t h i u m ,  e t c . )  a s  the  ha logenated  s u r f a c e s ,  c o n t a c t  
a n g l e s  were ze ro  f o r  a l l  l i q u i d s  except water. The 32 a n g l e  f o r  
wa te r  i s  probably due t o  s u r f a c e  contaminat ion ,  or p o s s i b l y  t o  a 
s l i g h t  r e a c t i o n  between n-butyl  l i t h i u m  and s u r f a c e  -Si-0-Li groups 




Three methods of s u r f a c e  mod i f i ca t ion  were e v a l u a t e d :  a s u r f a c e  
modi f ied  by n-propoxy groups w a s  p repared  by e s t e r i f i c a t i o n  of hydroxyl 
groups  wi th  n-propyl a l c o h o l ;  a s u r f a c e  modif ied w i t h  n-butyl  groups was 
p repa red  by r e a c t i o n  of a propoxylated s u r f a c e  w i t h  n-butyl  l i t h i u m ;  
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' .  
and a s u r f a c e  modi f ied  by n-butyl  groups was prepared  by r e a c t i o n  of a 
f l u o r i n a t e d  s u r f a c e  wi th  n-butyl  l i t h i u m .  The c o n t a c t  ang le s  of t h e  
f i v e  l i q u i d s  w i t h  each of t h e  three s u r f a c e s  were comparable.  
one would expec t  t h e  n-butyl-modified s u r f a c e  t o  e x h i b i t  a h i g h e r  con- 
t ac t  a n g l e  t h a n  a propoxyla ted  su r face  assuming equal  coverages .  Ex- 
p e r i m e n t a l l y ,  t h e  f l u o r i n a t e d - b u t y l a t e d  s u r f a c e s  e x h i b i t e d  h ighe r  
c o n t a c t  a n g l e s  than  t h e  propoxylated ones .  However, t h i s  r e s u l t  i n c l u d e s  
any d i f f e r e n c e s  t h a t  may have e x i s t e d  i n  t h e  e x t e n t  of coverage of 
propoxy v s .  b u t y l  groups .  
T h e o r e t i c a l l y ,  
The s l i g h t l y  lower va lues  f o r  t h e  p ropoxyla ted-buty la ted  samples ,  
compared wi th  t h e  propoxylated-only sample,  may be a s c r i b e d  t o  t h e  
incomplete  convers ion  of propoxy groups (-Si-O-C,g) t o  b u t y l  groups 
(-Si-n-C4Hg). 
t o  -Si-OH groups ,  r e s u l t i n g  i n  a s u r f a c e  of h i g h e r  f r e e  energy and 
t h e r e f  o r e  lower c o n t a c t  a n g l e s .  
Groups t h a t  escaped a l k y l a t i o n  were u l t i m a t e l y  hydrolyzed 
F i g u r e s  5 a ,  b ,  and c show t h e  p lo t  of t h e  d a t a  i n  Table  V .  The 
a b s c i s s a ,  c o s  0 ,  i s  t h e  c o s i n e  of the measured c o n t a c t  a n g l e ;  t h e  
o r d i n a t e  , 
wi th  i t s  s a t u r a t e d  vapor .  The p l o t  of such d a t a  u s u a l l y  g i v e s  a 
s t r a i g h t  l i n e . B  The s u r f a c e  t ens ion  cor responding  t o  t h e  p o i n t  on t h e  
cu rve  a t  cos  8 = 1 . 0  i s  t h e  c r i t i c a l  s u r f a c e  t e n s i o n  f o r  t h a t  s o l i d  
s u r f a c e .  F igu re  5d shows a s imilar  p l o t ,  from Fox and Zisman,"  of 
c o n t a c t  a n g l e s  of a series of l i q u i d s  wi th  a po lye thy lene  s u r f a c e .  The 
d a t a  f o r  t h e  sur face-modi f ied  g l a s s  p a r a l l e l  t h o s e  for po lye thy lene .  
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i s  t h e  s u r f a c e  t ens ion  of t h e  l i q u i d  a t  20 C i n  c o n t a c t  YLV 
D i l a  t ome t r y 
The d i l a t o m e t r i c  method f o r  e v a l u a t i o n  of adhes ion  is  based 
upon t h e  change i n  volume of a f i l l e d  e l a s tomer  due t o  void format ion  
a t  f i l l e r - p o l y m e r  i n t e r f a c e s  as the  composite m a t e r i a l  i s  e l o n g a t e d .  
The sample c o n s i s t s  of a r ec t angu la r  pr i sm of an  e l a s t i c  polymer w h i c h  
1s f i l l e d  wi th  t h e  d e s i r e d  s o l i d  i n  t h e  form of f i n e  p a r t i c l e s .  As t h e  
sample i s  s lowly s t r e t c h e d  i n  a cons tan t  volume s y s t e m ,  t h e  d i f f e r e n c e  
i n  p r e s s u r e  between sample and r e fe rence  ce l l s  is con t inuous ly  r eco rded .  
Th i s  p r e s s u r e  d i f f e r e n c e  i s  measured as change i n  volume on t h e  s t r i p  
c h a r t .  
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The d i l a t o m e t r i c  method, i n  one form or a n o t h e r ,  has  been used  
fo r  some y e a r s  as  a r e s e a r c h  t o o l .  (For  example,  see T .  L.  Smithlo 
and r e f e r e n c e s  t h e r e i n . )  The appa ra tus  and procedure  used i n  t h i s  work 
are d e s c r i b e d  i n  d e t a i l  by Fishman and R i n d e . l l  
The method r e q u i r e s  a n  e las t ic  polymer w i t h  s u f f i c i e n t  cohes ive  
s t r e n g t h  t o  undergo a n  e l o n g a t i o n  of 50% o r  more. I n i t i a l  exper iments  
were c a r r i e d  out  wi th  General  E l e c t r i c  RTV-615, room-temperature 
v u l c a n i z i n g  s i l i c o n e  rubbe r .  The cohes ive  s t r e n g t h  of t h i s  rubbe r  was 
i n s u f f i c i e n t  f o r  our  purpose .  Subsequent exper iments  were conducted 
wi th  a polyure thane  r u b b e r ,  p repared  f r o n  a polypropylene  g l y c o l  and 
tolylene-2,4-diisocyanate, c r o s s l i n k e d  wi th  l,P,l-trimethylolpropane. 
Composites of t h i s  fo rmula t ion  c o n t a i n i n g  55 w t  % of p a r t i c u l a t e  
m a t t e r  underwent e l o n g a t i o n s  of 50% or more The cor responding  
volume increase of t h e s e  saf iples  f e l l  i n  a n  e a s i l y  and a c c u r a t e l y  
measurable  r a n g e ,  
Two sets of t h r e e  samples  each i n  t h e  po lyure thane  fo rmula t ion  
have been e v a l u a t e d  i n  t h e  d i l a t o m e t e r .  T r i p l i c a t e  samples  of c l eaned  
s i l i ca  powder embedded i n  t h e  rubber  se rved  as c o n t r o l  samples .  T r i -  
p l i c a t e  test samples were p repa red  from s i l i c a  powder which had been 
c h l o r i n a t e d ,  t hen  b u t y l a t e d  (wi th  n-butyl l i t h i u m ) .  The stress V S .  
e x t e n s i o n  and t h e  volume v s .  ex t ens ion  cu rves  f o r  c o n t r o l  and test 
samples  shown i n  F i g .  6 are  very  s i m i l a r  f o r  bo th  sets of samples .  
The average  cu rve  f o r  b u t y l a t e d  s i l i ca  shows a s l i g h t  tendency f o r  
g r e a t e r  volume change (cor responding  t o  a g r e a t e r  degree  of debonding) 
a t  a g iven  e x t e n s i o n ,  r e l a t i v e  t o  the c l eaned  s i l i c a .  I n  t h e s e  d i l a -  
tomet ry  expe r imen t s ,  a s  i n  t h e  peel tes ts ,  two oppos ing  e f f e c t s  may 
come i n t o  p l a y .  B u t y l a t i o n  of t h e  s u r f a c e  shou ld  lower t h e  s u r f a c e  
f r e e  energy  of s i l i c a ,  caus ing  a lower energy  of adhes ion .  However, 
any a u t o h e s i o n  e f f e c t  ( d i f f u s i o n  of hydrocarbon c h a i n s  on t h e  s i l i c a  
surface i n t o  t h e  b u l k  polymer) should r e s u l t  i n  a h i g h e r  energy of 
a d h e s i o n .  
11 
Sonic T e s t s  
The s o n i c  method f o r  e v a l u a t i o n  of bonding between p a r t i c u l a t e  
g l a s s  and a polymer m a t r i x  was eva lua ted  on 7.5-mm-thick by 25-mm-O.D. 
b u t t o n s  c o n t a i n i n g  50 w t  % of g l a s s  powder i n  G .  E .  RTV-€515 e l a s t o m e r .  
These bu t tons  were p l a c e d  i n  c o n t a c t  w i t h  a bar ium t i t a n a t e  t r a n s d u c e r ,  
which se rved  bo th  as a source  of sound and  as a r e c e i v e r  f o r  t h e  sound 
not  absorbed  by t h e  sample.  While t h i s  method was s u c c e s s f u l  i n  
p r i n c i p l e ,  it was d i s c a r d e d  because  of t h e  d i f f i c u l t i e s  i n  o b t a i n i n g  
r e p r o d u c i b l e  measurements upon t h e  same sample.  T h i s  d i f f i c u l t y ,  
wh i l e  no t  i n v e s t i g a t e d ,  appeared t o  be due t o  t h e  extreme s e n s i t i v i t y  
of t h e  system t o  c o n t a c t  between t r a n s d u c e r  and  sample.  
EXPERIMENTAL 
Mat e r i a  1 s 
G l a s s  Powder 
Glass  powder ( F i s h e r  S c i e n t i f i c  Company, C a t .  N o .  G-17) was 
used f o r  i n i t i a l  a t t e m p t s  t o  p repa re  composi tes  f o r  d i l a t o m e t r i c  
e v a l u a t i o n  of bonding.  The raw m a t e r i a l  was washed and s i z e d  by w e t  
s c r e e n i n g  between 150 mesh and 325 mesh U .  S .  S tandard  s i e v e s .  U s e  
of t h i s  m a t e r i a l  was d i scon t inued  when i t  was found t h a t  s u r f a c e  a r e a ,  
as measured by t h e  f low method of Nelson and E g g e r t s e n , l z  became 
g r e a t e r  w i th  i n c r e a s e d  tempera ture  of i n i t i a l  d e s o r p t i o n .  T h i s  e f f e c t  
is  shown i n  Table  I .  
Low-Iron S i l i c a  
Low-iron s i l i c a  ( I n t e r n a t i o n a l  Mine ra l s  and Chemical Corpora t ion )  
was s i z e d  by s c r e e n i n g .  The f r a c t i o n  passed  through a 150 mesh U .  S .  
S t anda rd  s i e v e  and r e t a i n e d  on a 325 mesh s i e v e  was c o l l e c t e d .  T h i s  
f r a c t i o n  was washed w i t h  wa te r  and c l e a n e d  wi th  f r e s h l y  prepared  s u l f u r i c  
ac id-potass ium dichromate  c l e a n i n g  s o l u t i o n  a t  100 C f o r  f o u r  h o u r s .  
The material  was t h e n  r i n s e d  wi th  d i s t i l l e d  water u n t i l  t h e  washings 




S p e c i f i c  s u r f a c e ,  measured by t h e  f low method, was found t o  be 
0.170 meter2/gram. 
S i z e r  ( F i s h e r  S c i e n t i f i c  Co.)  w a s  25.6 microns (average  d i ame te r ,  assuming 
s p h e r i c a l  shape .  This  va lue  g ives  a s u r f a c e  a r e a ,  c a l c u l a t e d  from t h e  
e x p r e s s i o n  S = - of 0.09 meter2/gram. The a c t u a l  shape of t h e s e  
p a r t i c l e s  is very  i r r e g u l a r ,  which probably accounts  f o r  t h e  d iscrepancy  
between t h e  two methods of de te rmining  s u r f a c e  a r e a .  
The p a r t i c l e  s i z e ,  as  measured on a F i s h e r  Subsieve 
PD’ 
Other  M a t e r i a l s  
Other  materials used i n  t h i s  work a re  d e s c r i b e d  as  they  a r e  
r e f e r r e d  t o  i n  t h e  exper imenta l  s e c t i o n .  
C h l o r i n a t i o n  
C h l o r i n a t i o n  of p a r t i c u l a t e  s i l i c a  was accomplished w i t h  phosgene 
i n  t h e  r e a c t o r  shown i n  F i g .  1. T h i s  r e a c t o r  may be used a t  t empera tures  
as h igh  a s  1000°C. The c h a r g e ,  s u f f i c i e n t  t o  cover  t h e  end of t he  
thermocouple w e l l ,  w a s  put  i n t o  the  r e a c t o r  tube  and t h e  appa ra tus  
was assembled.  The t ube  was f lu shed  wi th  a s low,  cont inuous  stream 
of d r y  n i t r o g e n ,  t h e  r o t a t i o n  w a s  s t a r t e d ,  and t h e  r e a c t o r  was hea ted  
and main ta ined  a t  500 C .  
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The n i t r o g e n  stream w a s  rep laced  by a s t r eam of phosgene which 
had been p u r i f i e d  by passage through a l i n s e e d  o i l  s c rubbe r  ( t o  remove 
c h l o r i n e )  and f i n a l l y  through a concent ra ted  s u l f u r i c  a c i d  s c r u b b e r .  
A f low of 20 m l  phosgene p e r  minute was main ta ined ,  a t  500 C ,  f o r  2 . 5  
h o u r s .  The phosgene f low was s topped ,  and t h e  reactor was evacuated  
t o  about  1 mm Hg. A f t e r  30 minutes a t  500 C and 1 mm p r e s s u r e ,  t h e  
s y s t e m  w a s  a l lowed t o  coo l  a t  t h e  low p r e s s u r e .  The r e a c t o r  was 




The e f f e c t  of temperature  on t h e  c h l o r i d e  con ten t  of c h l o r i n a t e d  
s i l i c a  is shown i n  Table  11. The low va lues  f o r  s u r f a c e  c h l o r i d e  
c o n c e n t r a t i o n s  ob ta ined  a t  h ighe r  tempera tures  (600 -800 C) may be 
a t t r i b u t e d  t o  t h e  more r a p i d  d i s p r o p o r t i o n a t i o n  of i n t e r m e d i a t e  s u r f a c e -  
based  s t r u c t u r e s  t o  s i l i c o n  t e t r a c h l o r i d e .  
0 0 
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C h l o r i n a t i o n  of g l a s s  and s i l i c a  r i n g s  ( f o r  p e e l  test e v a l u a t i o n )  
0 was c a r r i e d  ou t  a t  500 C i n  t h e  appa ra tus  shown i n  F i g .  2 .  C h l o r i n a t i o n  
i n  t h i s  a p p a r a t u s  w a s  d i s c o n t i n u e d  due t o  d i f f i c u l t i e s  of h e a t i n g  
t h e  i n n e r  (sample) j a c k e t .  The well i n  t h e  i n n e r  jacket w a s  h e a t e d  
w i t h  a s i l i c a - s h e a t h e d  immersion h e a t e r  surrounded wi th  80 mesh alumina.  
The h e a t i n g  element  f a i l e d  a f t e r  one run  becuase of t h e  h igh  f i l a m e n t  
t empera tu re  r e q u i r e d  t o  ma in ta in  500 C a t  t h e  s u r f a c e  of the j a c k e t .  0 
A f t e r  c h l o r i n a t i o n ,  t h e  system was f l u s h e d  w i t h  d r y  n i t r o g e n  and 
t h e  i n n e r  j a c k e t  removed f o r  f u r t h e r  t r e a t m e n t .  F i n a l l y  t h e  t r e a t e d  
g l a s s  t u b e  was c a r e f u l l y  c u t  i n t o  c y l i n d e r s  (or s l e e v e s ) ,  1 . 2 5  i n c h e s  
l o n g ,  f o r  u s e  with t h e  p e e l  test a p p a r a t u s .  
F l u o r i n a t i o n  
F l u o r i n a t i o n  of g lass  r i n g s  f o r  p e e l  tests was c a r r i e d  o u t  w i t h  
e l e m e n t a l  f l u o r i n e  a t  200 C ,  i n  t h e  a p p a r a t u s  shown i n  F i g .  2 ,  u s i n g  
sodium c h l o r i d e  a s  a h e a t - t r a n s f e r  agen t  around a Ca l rod  h e a t e r .  N o  
d i f f i c u l t y  was expe r i enced  w i t h  c o r r o s i o n ,  e t c h i n g ,  o r  i n o r g a n i c  
f l u o r i d e  r e s i d u e s .  
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F l u o r i n a t i o n  of s t a n d a r d  microscope s l i d e s  was c a r r i e d  o u t  i n  t h e  
f l u o r i n a t i o n  a p p a r a t u s  d e s c r i b e d  p r e v i o u s l y . G  Whereas t h e  f l u o r i n a t i o n  
of s i l i c a  (which produces v o l a t i l e  p roduc t s  e x c l u s i v e l y )  was smooth, 
t h e  f l u o r i n a t i o n  of glass  w a s  complicated by t h e  fo rma t ion  of n o n v o l a t i l e  
f l u o r i d e s .  A t  l o w  t empera tu res  deep e t c h  l i n e s  approximately p e r p e n d i c u l a r  
t o  t h e  f o u r  edges  o f  t h e  p l a t e  were formed. Examination under  a 
microscope r e v e a l e d  t h a t  t h e y  probably were i n i t i a t e d  a t  n o t c h e s ,  
r e s u l t i n g  from t h e  c u t t i n g  o p e r a t i o n ,  a l o n g  t h e  edges of t h e  g l a s s  
s l i d e s .  
0 
F l u o r i n a t i o n  of g l a s s  microscope s l i d e s  a t  150 C f o r  0 .25  hour 
produced a t r a n s p a r e n t  s u r f a c e  t h a t  was not e t c h e d  w i t h  l i n e s ,  bu t  
which was covered w i t h  a t h i n  t r a n s p a r e n t  l a y e r  of metal  f l u o r i d e s .  
T h i s  f i l m  was e a s i l y  pee led  from the  g l a s s  s u b s t r a t e .  I t s  t h i c k n e s s  
was governed by t h e  l e n g t h  of time of exposure t o  f l u o r i n e  gas. Con t ro l  
of t i m e  and t empera tu re  of f l u o r i n a t i o n  r e s u l t e d  i n  unmarred f l u o r i n a t e d  
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s u r f a c e s .  Qptimum c o n d i t i o n s  have not been e s t a b l i s h e d  f o r  t h i s  r e a c t i o n .  
These p l a t e s  were used f o r  c o n t a c t  angle  measurements. 
A 1 koxy l a t  i on 
AYkoxylation of sur face-based  SiOH groups on g l a s s  was accomplished 
acco rd ing  t o  t h e  r e a c t i o n  
-SiOH t CH3 -CH3-CAx -08 ------- 3 S i  - O-C%C%CH3 + % O .  
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The r e a c t i o c  w a s  c a r r i e d  out  a t  180 C wi th  n-propyl a l c o h o l ,  i n  a 
p r e s s u r e  v e s s e l ,  as recommended by  PlerO7 @Pass powder and g l a s s  
microscope s l i d e s  w d r e  a lkoxy la t ed  for subsequent  u s e .  
A 1 k v l z t  i on 
A l k y l a t i o n  of g l a s s  and  s i l i c a  samples was accomplished by c a u s i n g  
t h e  a p p r o p r i a t e  c h l o r i n a t e d ,  f l u a r i n a t e d ,  or a l k o x y l a t e d  sample t o  
react wi th  t h e  d e s i r e d  organol i th ium compound. n-Buty l l i th ium and 
pheny l l i t h ium were prepared  from n-butyl  b r m i d e  arid l i t h i u m  n e t a l  or 
were purchased fron Foote  Chemical Company. Ucdecyl l i th ium was pre-  
pared from undecyl bromide. 
As a s p e c i f i c  example, bu ty l a t ed  s i l i ca  w a s  p repared  by adding  
a many-fold sxcess ,  based 02 t h e  c h l o r i n e  con ten t  of t h e  s i l i c a ,  of 
n -bu ty l l i t h ium ( i n  hexane s o l u t i o n )  t o  50 grams of c h l o r i n a t e d  s i l i c a .  
The  mixtures  were s t i r r e d  v igo rour iy ,  s toppe red  t i g h t l y ,  and al lowed 
t o  s t a n d  for about  20 hour s .  The supe rna tan t  s o l u t i o n  was decanted ,  
and  t h e  s i l i c a  w a s  washed t,hree times w i t h  hexane ,  t h r e e  times wi th  
a e e t o r e  ( r e a g e c t  g r a d e ) ,  t h r e e  t imes wi th  d i s t i l l e d  water, and t h r e e  
t i m e s  w i th  0 . 1  M h y j r o z h l o r i c  a c i d .  The acid w a s  rerr,oved wi th  d i s t i l l e d  
w a t e r ,  and t h e  sequence of washing wi th  Urganic s o l v e n t s  was r e p e a t e d .  
F i n a l l y ,  t h e  pr-odurf, was washed e r h a u s t i v e l y  wi th  d i s t i l l e d  wa te r .  
The product  w a s  e s l l e c t e d  on a f i l t e r  and d r i e d  i n  an oven a t  140 C. 
The product  W ~ S  s u b j e c t e d  t o  a t e n p e r a t u r e  of 160 C a t  a p r e s s u r e  of 
5-8 x l o 4  m ~g for 18 t3 20 hours i n  order t o  desorb v o l a t i l e  o r g a n i c  




A na ly  t i ca 1 
The a n a l y s i s  of noncarbonaceous i n o r g a n i c  p a r t i c u l a t e  material  
f o r  ca rbon  con ten t  was accoxp l i shed  wi th  a Ezco N o d e l  N o .  516-000 
Combustion Apparatus .  T h i s  appa ra tus  i s  conrnercial ly  a v a i l a b l e  and 
widely used i n  t h e  a n a l y s i s  f o r  carbon i n  s t e e l .  A sample of about  
1 .5  grams, and c o n t a i n i n g  a t  l e a s t  3 rr;icrogra.ms of c a r b o n ,  i s  o x i d i z e d  
wi th  oxygen a t  high t empera tu re .  The carbon d i o x i d e  i s  t r apped  is  a 
d i l u t e  sodium hydroxide s o l u t i o n ,  The  change i n  c o n d u c t i v i t y  of t h e  
s o l u t i o n  i s  a measure of t h e  amcunt, of carbon d i o x i d e  abso rbed .  Data 
on a n a l y s i s  of v a r i o u s  samples a r e  giver: i n  Table  YII. 
Adhesion Eva luz t ion  
F i r ia l  e v a l u a t i o n  of t,ke e f f e c t  of s u r f a c e  m o d i f i c a t i o n  rnust be 
done on a f i n i s h e d  l amina te  o r  o t h e r  end-use p r o d u c t .  However, 
expe r imen t s  on s u i t a 5 l e  model systems p rov ide  a less expensive and 
much nore r a p i d  s c r e e n i n g  p r o c e d u x ,  To t h i s  end ,  f o u r  methods for 
s t u d y i n g  t h e  e f f e c t  of s i l r f ace  t r ea tmen t  upon s u r f a c e  p r o p e r t i e s  were 
examined: p e e l  t es t s ,  c o n t a c t  a c g l e  xeaaurements ,  d i l a t o m e t r i c  
measurements,  hnd s o n i c  neasuremezts .  
P e e l  T e s t s  
The a p p a r a t u s  f o r  c a r r y i n g  out  p e e l  tes ts  is shollrn i n  F i g .  3 .  
I t  w a s  designed t o  e v a l u a t e  t h e  e f f e c t  of s u r f a c e  m o d i f i c a t i o n  of 
g lass  adherends upon t h e  peel. s t r e n g t h  of p r e s s u r e - s e r i s i t i v e  t a p e s .  
The r o l l e r - s t i r r u p  d e s i g n  WES chosen f o r  s i m p l i c i t y  of c o n s t r u c t i o n ,  
r e p r o d u c i b i l i t y  of o p e r a t i o n ,  and e a s e  of s u r f a c e  p r e p a r a t i c n  Qf 
c y l i n d r i c a l  samples The p r e p a r a t i o n  of samples may ,  i n  some cases,  
be more time-consuming t h a n  o t h e r  p e e l  tes t  mathods P a r t i c u l a r  
advan tages  o f  t h i s  method fo r  pee l  t e s t i n g  a re :  the  a p p a r a t u s  i s  s e l f -  
a l i g n i n g ;  t h e  a n g l e  of p z e l  i s  8 1 w a g s  ( e s s e n t i a l l y )  90 ; and t h e  
c o n f i g u r a t i o n  of c y l i n d r i c a l  g l a s s  adherend is  such t h a t  i t  i s  r e a d i l y  
ha logena ted  and a l k y l a t e d .  
0 
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Glass c y l i n d e r s ,  a f t e r  treatment, were wound w i t h  t ape  as f o l l o w s :  
a s u i t a b l e  l eng th  of t ape  was p l aced ,  adhes ive  s i d e  up ,  on a smooth 
f l a t  s u r f a c e  which was cushioned w i t h  a smooth s h e e t  of r u b b e r ;  t h e  
g l a s s  c y l i n d e r  t o  be t e s t e d  w a s  s l i p p e d  on t h e  aluminum r o l l e r ;  t h e  
r o l l e r  w a s  c e n t e r e d  on t h e  t a p e ,  the  l e a d i n g  edge of t h e  t a p e  f i x e d  
t o  t h e  r o l l e r ,  and  t h e  t a p e  wound by pushing t h e  r o l l e r  over  t h e  t a p e .  
Uniformity i n  winding was achieved  by p rov id ing  a guide and a 12-pound 
weight f o r  t h e  ro l l e r .  
Small v a r i a t i o n s  i n  t h e  i n s i d e  d iameter  of t h e  g l a s s  r i n g s  were 
accommodated by  wrapping t h e  r o l l e r  w i t h  one or more t u r n s  of a c l o t h -  
backed adhes ive  t a p e .  
P e e l - t e s t  r i n g s  and t ape  were cond i t ioned  and wound i n  a c o n s t a n t  
t empera tu re ,  cons t an t  humidity chamber. The chamber was a p l a s t i c  
d ry  box f i t t e d  w i t h  a t h e r m o s t a t ,  hea te r ,  and blower.  A c o n s t a n t  
r e l a t i v e  humidi ty  of 50% ( a t  81-82 F) w a s  main ta ined  w i t h  a l a r g e  
sha l low t r a y  of s a t u r a t e d  calcium n i t r a t e  s 0 1 u t i o n . l ~  
humidi ty  and tempera ture  were recorded w i t h  a Bendix Hygro-Thermagraph. 
0 
R e l a t i v e  
P e e l  test samples were p u l l e d  on a n  I n s t r o n  t e n s i l e  t e s t i n g  
machine,  a t  a ra te  of 2 inches/min, and w i t h  a load  cell  t h a t  measured 
4 pounds p u l l  a t  f u l l - s c a l e  cha r t  d e f l e c t i o n .  The d a t a  f o r  s u r f a c e -  
modi f ied  samples and f o r  c o n t r o l  samples are  shown i n  Table  I V .  Pre-  
l i m i n a r y  d a t a ,  ob ta ined  on a nonrecording Baldwin-Lima tester,14 are 
no t  shown. 
F igu re  4 shows a t y p i c a l  pee l - fo rce  vs. t ime r e c o r d i n g  f o r  t h e s e  
samples .  I n  Table I V  are t a b u l a t e d  t h e  data f o r  c o n t r o l  and s u r f a c e -  
modi f ied  samples .  These d a t a  were d e r i v e d  from t h e  areas under  r e c o r d e r  
t races .  These  areas were measured w i t h  a p l a n i m e t e r ,  o v e r  a 5-inch 
l e n g t h  of c h a r t  ( e q u i v a l e n t  t o  5 inches  of t a p e ) .  The f i f t h  column 
i n  Table  I V  shows p e e l  f o r c e  i n  pounds p e r  inch  width of t a p e .  The 
v a l u e s  f o r  0.75-inch t a p e  a r e  converted t o  1 .0- inch  wid th .  
The d a t a  ob ta ined  d u r i n g  e v a l u a t i o n  of v a r i o u s  t y p e s  of t a p e ,  
wrapping p rocedures ,  e t c . ,  are not i nc luded  i n  t h i s  r e p o r t .  However, 
t h e y  c o n s i s t e n t l y  ag reed  w i t h  the  d a t a  i n  Table  I V  as t o  r e p r o d u c i b i l i t y  
w i t h i n  a g iven  se t  of samples .  
17 
Contact  Angle Measurements 
Contact  a n g l e  measurement was used t o  e v a l u a t e  t h e  e f f e c t  
of s u r f a c e  t r ea tmen t  of g l a s s .  Standard g l a s s  microscope s l i d e s  were 
used f o r  t h i s  work. F ive  sets of three s l ides  each were prepared:  
b lank  samples of g l a s s  p l a t e s  were c leaned  wi th  dichromate c l e a n i n g  
solution::  c o n t r o l  samples of g l a s s  plates  were c l eaned  wi th  dichromate 
c l e a n i n g  s o l u t i o n ,  washed, d r i e d ,  and treated wi th  b u t y l  l i t h i u m ;  
test samples of g l a s s  p l a t e s  were cleaned as above and a l k o x y l a t e d  by 
t r ea tmen t  a t  180 C f o r  two hours  with a l a r g e  e x c e s s  of p u r i f i e d  n-propyl 
a l c o h o l .  
This  w a s  done i n  a h igh-pressure  au toc lave .  A f t e r  c o o l i n g ,  t h e  s l i d e s  
were removed, a i r - d r i e d ,  and then  desorbed under  vacuum) ; a n o t h e r  set 
of test  samples was a lkoxy la t ed  as  above,  fo l lowed by a l k y l a t i o n  wi th  
n-buty l  l i t h i u m .  
0 
(The a n t i c i p a t e d  r e a c t i o n  w a s  -Si-OH + n-C,qOH + %O i- -Si-O-C3H,.) 
Contact  a n g l e s  were measured by photographing t h e  drop of l i q u i d  
on the  p l a t e  th rough a microscope.  Tangents  were drawn on t h e  en la rged  
images,  and a n g l e s  were measured with a p r o t r a c t o r .  The d a t a  are 
shown i n  Table  V .  Data f o r  t h e  t h r e e  t r e a t e d  s l i d e s  are p l o t t e d  i n  
F i g u r e s  5a, b ,  and c .  F igu re  5d shows,. f o r  comparison,  t h e  r e s u l t s  
of Fox and ZismanG rega rd ing  t h e  contac t  a n g l e s  of a series of l i q u i d s  
on a polye thylene  s u r f a c e .  
D i  1 a t  ome t r y 
A po lyure thane  e l a s tomer ,  s imilar t o  t h o s e  used i n  p r o p e l l a n t  
fo rmula t ions  , w a s  p repared  accord ing  t o  t h e  f o l l o w i n g  r e c i p e  : 
38.8 w t .  % Polypropylene g lycol  (MW = 20251, e las tomer  grade 
0.616 l , l , l - T r i m e t h y l o l  propane 
0 .483  T e r g i t o l  TMN, non-ionic w e t t i n g  agent  (polyglycol  e t h e r s )  
4 .67  Toly lene  d i i socyana te  (2 ,4- isomer)  
0.0725 F e r r i c  a c e t y l a c e t o n a t e  
5 5 . 3  S i l i c a  powder 
The mixing w a s  done almost  e n t i r e l y  under  vacuum of <1 mm Hg, 
w i t h  a s t a i n l e s s  s teel  r ibbon b lender  having i n n e r  and o u t e r  h e l i c a l  
b l a d e s  which were wound i n  opposi te  d i r e c t i o n s .  The b l ende r  f i t t e d  
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l o o s e l y  i n t o  a c y l i n d r i c a l  g l a s s  mixing v e s s e l  of 5 c m  I D .  A vacuum- 
t i g h t  connec t ion  was ob ta ined  w i t h  a g reased  rubbe r  r i n g  which f i t  
t i g h t l y  on t h e  s h a f t  and t u r n e d  smoothly a g a i n s t  t h e  f a c e  of t h e  
bronze s h a f t  bushing .  The polypropylene g l y c o l ,  t r i m e t h y l o l  propane ,  
and T e r g i t o l  were degassed by evacua t ion ,  i n  t h e  mixer ,  a t  100 C f o r  
4 hour s .  During t h e  l as t  hour  t h e  f l a s k  c o n t a i n i n g  t h e  s i l i c a  powder 
was a t t a c h e d  by means of a s i d e  a r m ,  i n  o r d e r  t o  expose t h e  s i l i c a  
t o  t h e  mixer a tmosphere.  The s i l i c a  w a s  s lowly  added under  vacuum. 
The t o l y l e n e  d i i s s c y a n a t e ,  s a t u r a t e d  w i t h  f e r r i c  a c e t y l a c e t o n a t e ,  was 
added under  vacuum a t  0 C .  The mixture  w a s  cast under  vacuum i n t o  
v e r t i c a l  T e f l o n  molds of 4- inch by &inch  cross s e c t i o n  and 4-inches 
deep .  The specimens were cu red  a t  60 C f o r  48 h o u r s .  The ends  of t h e  
s i l i c a - e l a s t o m e r  bars were c a r e f u l l y  c u t  t o  3-inch l e n g t h s  w i t h  a 
band saw. 
were g lued  o n t o  t h e  ends of t be  ba r s  w i t h  Rubbaseal (Rubba, I n c . )  or 
Eastman "910" adhes ive .  The elastomer-metal  j u n c t i o n  w a s  r e i n f o r c e d  
w i t h  Rubbaseal t o  p reven t  f a i l u r e  when p u l l e d .  The specimens were 
s t r e t c h e d ,  a t  a ra te  of 2 inches/min, i n  a d i l a t o m e t e r . l l  The ins t rument  
measures voluve  change i n  t h e  specimen be ing  extended by means of t h e  
d i f f e r e n t i a l  p r e s s u r e  between t h e  sample c a v i t y  and  a r e f e r e n c e  c a v i t y .  
The p r e s s u r e  i n  sample and r e fe rence  c a v i t i e s  was e q u a l i z e d  and t h e  
a p p a r a t u s  w a s  cond i t ioned  t o  100 F (38 C) f o r  each measurement. The 




T-shaped aluminum t a b s  w i t h  s a n d b l a s t e d  4-inch-square f a c e s  
0 0 
Three specimens c o n t a i n i n g  cleaned s i l i c a  and t h r e e  c o n t a i n i n g  
n -bu ty la t ed  s i l i c a  were extended  i n  t h e  d i l a t o m e t e r .  They extended 
on t h e  o r d e r  of 14 inches  (50% of o r i g i n a l  l e n g t h )  b e f o r e  b reak ing ;  
a t  t h e  b reak ing  p o i n t  t h e  volume inc rease  ranged from 0.0083 t o  0.112 
inch3 ( 1 . 1  t o  15.2% of o r i g i n a l  volume.) The r e s u l t s  of t h e  tests 
are shown g r a p h i c a l l y  i n  F i g .  6 .  
Sonic  Method 
The s o n i c  method f o r  e v a l u a t i o n  of bonding has been s u c c e s s f u l l y  
employed i n  a v a r i e t y  of c i rcumstances .  
method could  be adap ted  t o  a t  l e a s t  t h e  q u a l i t a t i v e  measurement of 
The p o s s i b i l i t y  t h a t  t h e  
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bonding between a f i n e l y  d i v i d e d  f i l l e r  and a polymeric  matr ix  was 
exp lo red .  The method depends on t h e  a b s o r p t i o n  of sound waves a t  t h e  
i n t e r f a c e s  between phases  of a composite m a t e r i a l .  The appa ra tus  
used was a barium t i t ana te  t r ansduce r  p l aced  upon a "but ton" of g l a s s  
powder- f i l l ed  e l a s tomer  7 . 5  mm t h i c k  and 25 mm Q.D. General ELlectrPc 
RTV-615 s i l i c o n e  polymer was used f o r  t h e  e l a s t o m e r ,  becuase of i t s  
ease of fo rmula t ion  and f a b r i c a t i o n .  But tons  were f a b r i c a t e d  wi th  
50% (by weight)  of g l a s s  powder. 
The s o n i c  method, as used ,  was u n s a t i s f a c t o r y ,  due t o  t h e  poor 
r e p r o d u c i b i l i t y  of r e s u l t s  from s a m p l e  t o  sample and between s u c c e s s i v e  
measurements upon t h e  same sample.  E f f o r t  i n  t h i s d i r e c t i o n  was d i s -  
con t inued .  
20 
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FIG.3(a) APPARATUS FOR PEEL TEST 
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FIG.3(c) APPARATUS FOR PEEL TEST - DETAIL OF ROLLER CONSTRUCTION 
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FIG. 5(a,b,c) CONTACT ANGLES OF LIQUIDS 
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FIG. 5(d) CONTACT ANGLES OF LIQUIDS 
ON POLYETHYLENE (See Ref. 3) 
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THE EFFECT OF INITIAL DEGASSING TEMPERATURE 
AS MEASURED BY NITROGEN ADSORPTION 
ON SURFACE AREA 
Mate r i a  1 
~ ~ ~ ~~ 
Powdered Glass 
Low-Iron S i l i c a  
Powdered Glass 
Sur face  Area 
(Meters2 per G r a m )  
Ca lcu la t ed  
from 
Particle S i z e  
0.053* 
Measured by N2 Adsorp t ion  
fo l lowing  Desorp t ion  a t  
t h e  I n d i c a t e d  Temperature 
240'C - 0.04 
335' - 0.10 
160' - 0.04 
200' - 0.06 
260' - 0.07 
335' - 0.08 
155' - 0.11 
*Calcula ted  on t h e  b a s i s  of s p h e r i c a l  p a r t i c l e s  of t h e  minimum s i z e  
(4 .3  x cm) r e t a i n e d  by a 325 mesh s c r e e n .  
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TABLE I1 
THE EFFECT OF TEMPERATURE ON THE 
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Table  IV 
PEEL TEST DATA ON 2-INCH OD PYREX GLASS RINGS 
Tape 
D e s  igna t i on 
1- inch 
Scotch 
N o .  0300 
c 1 o t  h -ba c ke d 
t a p e  
Same as 
above 
3/ 4 - inch 
Scotch 
Glass- 
f i l amen t  
r e i n f  orceL 




F l u o r i n a t e d ,  
hydro lyzed ,  
d r i e d ,  
s o l v e n t -  
c l e a n e d ,  
humidi f i e  d 
16 h r s  a t  76'F, 
58% R . H .  
F l u o r i n a t e d ,  
b u t y l a t e d ,  
t r e a t e d  as 
above 
F l u o r i n a t e d ,  
hydro lyzed ,  
d r i e d ,  so lven t -  
c l e a n e d ,  
humidi f ied  5 
days a t  50%0 
R . H .  and 81 F 
F l u o r i n a t e d ,  
b u t y l a t e d ,  





hour s  a t  
76OF and 
58% R . H .  
Same as  
above 
Aged 25 
hours  a t  
76OF and 
58% R . H .  




2 .31  
2 .25  
2 .20  
1.98 
1 .86  
1 . 9 0  
1 . 9 2  
1.83 
1 .76  
2 .45  
2 .43  
2 . 2 3  
2 .47  
1 .69  
2 .05  
2.34 
2.14 







2 .40  
2.07 
Maximum 
Dev ia  t i 01 
from 
Average 
9 . 6  
4 . 9  
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